We present millimeter to centimeter-sized injectable neural scaffolds based on macroporous
development. They are designed to protect an extended, living neuronal network during compression to a small fraction of the original volume in order to enable minimally invasive delivery. The scaffolds behave as a mechanical meta-material: they are soft at the macroscopic scale, enabling injection through narrow-bore tubing and potentially good cellular scaffold integration in soft target tissues such as the brain. At the same time, the scaffold material has a high local Young modulus, allowing protection of the neuronal network during injection. Based on macroscopic and nano-mechanical characterization, we present generic geometrical and mechanical design rules enabling macroporous cellular scaffold injectability.
Keywords : Neuronal network, Macroporous scaffold, Tissue Engineering, Minimally
Invasive Delivery, Young Modulus.
1.Introduction
It is a clinical observation that the adult human brain typically fails to repair large-scale tissue damage [1] . This contrasts with the observation that neurons are continuously generated in the subventricular zone and dentate gyrus, [2, 3] and it is indeed the hope and aim of cell-based therapies to extend the brain's regeneration capacity to large-scale lesions. A major limitation on the path to successful neural tissue engineering and deep brain transplantation is the development of minimally invasive surgical techniques and scaffolds. Indeed, the surgical procedures involved in implanting complex and large solid grafts into the brain are very invasive and can easily lead to further tissue damage rather than the desired reconstruction outcome. [4] A number of minimally invasive delivery methods have been proposed, allowing to apply in-situ gelling formulations, microparticulate scaffold suspensions, partially dissociated tissue or neural stem cell suspensions through narrow-bore needles. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Unfortunately, without the guidance of a large-scale organized scaffold, the cells typically build chaotic structures rather than repairing the native tissue architecture as desired. [14] As a result, the associated functional recovery is never complete and data from successful human clinical studies is extremely scarce. [15] We propose here to address this current major bottleneck of neural tissue engineering by the use of a smart cellular scaffold system, which is highly and reversibly compressible, allowing for minimally invasive implantation of large, potentially pre-organized constructs. To achieve this goal, several requirements must be met:
The scaffold material must be highly compressible, such that mL-scale volumes can be delivered through narrow-bore tubing or needles, yet it should recover its original shape, volume and organization after the injection process. It should protect differentiated neurons with their extended neurites during the compression associated with the delivery process, but nevertheless behave as a globally soft material to minimize glial scarring reactions in the brain. [16] For the long-term culture necessary to develop differentiated neuronal networks, and in light of potential clinical translation, the scaffolds need to be reliably sterilized, preferentially by autoclaving. Last but not least, it is desirable to be able to provide native extracellular matrix (ECM) proteins to guide cell adhesion and differentiation. Macroporous scaffolds with shape memory amenable to injection through narrow-bore tubing can be fabricated by different techniques, such as emulsion polymerization, lyophilization and cryogelation. [17] [18] [19] We base our scaffolds on the process of cryogelation, involving polymerization of a hydrogel precursor at subzero temperature, since this has been observed to produce particularly robust gels, and since the possibility of neuronal tissue engineering with cryogels has been reported. [19] [20] [21] We provide a novel cryogel fabrication paradigm, consisting of a simple one-pot carbodiimide-based cryosynthesis, and a coating method for native cell-adhesive proteins applicable after autoclave sterilization of the scaffolds. The newly developed protocol is the first to simultaneously address the requirement for autoclave sterilization, native ECM protein presentation and scaffold injectability; at the same time, it avoids tedious precursor synthesis. It provides mL-scale scaffolds that can be injected through 1mm needles while indeed protecting a live extended neural network at cell densities approaching the one of native cortical grey matter. We also investigate the precise mechanical and geometrical properties providing for injectability and cell protection, by means of a novel atomic force microscopy sample preparation technique and mechanical testing of the scaffolds. The shape-memory properties, finally, will allow adapting exactly the scaffold shape and volume, as well as cell density and neural growth to the tissue to be reconstructed, before in vivo injection. The system is therefore an ideal candidate for personalized tissue engineering.
Results
To prepare macroporous scaffolds suitable for 3D cell culture, we used a cryogelation process, which consists in hydrogel polymerization at subzero temperatures, using ice crystal formation to define the pore space. Hydrogels presented in this work consisted in sodium alginate and carboxymethyl-cellulose (CMC), selected for their known biocompatibility and potentially favorable effects on neurons in culture. [22] [23] [24] [25] We initiate the polymerization via carbodiimide activation of the carboxylic acid residues on the carbohydrate moieties of the gel pre-polymers, followed by amide bond formation with adipic dihydrazide, which results in the covalent crosslinking of the gels (details about the process are available in Supporting Information 1). Carrying out this process at subzero temperature allows creating macroporous hydrogels, referred to as cryogels, characterized by large interconnected pores, as schematized in Figure 1A . These scaffolds are sterilized by autoclave, coated with appropriate celladhesive molecules (poly-L-ornithine, PLO, and laminin) and finally seeded with neuronal cells. The cell-laden cryogels can be partially dehydrated, reducing the scaffold size and allowing for injection of the cellular scaffold through a syringe needle, as shown in Figure   1A . After injection, cellular scaffolds retrieve their initial size and shape, by uptake of liquid injected along with the cryogel. Cell integrity and morphology are preserved throughout the injection process. Figure 1B presents scanning electron microscope (SEM) images showing the microscopic architecture of the cryogel scaffolds, made either from alginate or CMC. The cryogelation process resulted in highly porous structures for both polymers. The pore dimensions are comprised between 20µm and 500µm and depend on the exact cryogelation process parameters (details about pore volumes are given in Figure 6A ). Cryogel formation using alginate as a starting material allowed obtaining 3D scaffolds with relatively thin walls (ca. 1-5µm). They were somewhat thicker in the case of CMC-scaffolds ( Figure 1B ). After coating with PLO and laminin, the 3D scaffolds were seeded with neuronal cells (human neuroblastoma neuronal cell line SH-SY5Y or primary cortical mouse neurons). Seeding was carried out by first partially dehydrating cryogels (by pressing them against a sterile gauze) and rehydrating them with the cellular suspension. At the initial time of 3D plating, the dissociated neural cells had a spherical morphology, without visible neurites. Over time in culture, there was considerable process outgrowth resulting in the formation of 3D, interconnected neural networks. After 7 days of culture, cellular scaffolds were fixed and observed by confocal microscopy. Figure 1C and 1D present 3D confocal images of the resulting cellular scaffolds for the human neural cell line SH-SY5Y (1C) and primary cortical mouse neurons (1D). The analysis demonstrates a complex and dense cellular 3D architecture for both the human cell line and the mouse primary cortical neurons, for both alginate and CMC based cryogels, with an approximately homogeneous cell density throughout the 1mm thick scaffolds. In addition, the mouse primary neurons also presented a widespread and dense neural network, as exemplified in the zoomed view given in Figure 1E . Thus, the 3D cryogels developed here allow to obtain high cell density 3D cellular scaffolds on the millimeter size scale when coated with appropriate cell-adhesive motives. The process is versatile with respect to the choice of hydrogel and cell types.
In order to further characterize the interaction between cells and cryogel scaffolds, in particular regarding cell adherence, spreading and development, we further investigated the role of scaffold coating, mean pore volume and polymer concentration. To do so, we quantified cell densities obtained on the scaffolds after 7 days of culture of the human neuronal cell line SH-SY5Y on different cryogel and control substrates, distinguishing "round cells" exhibiting rounded cell bodies without visible neurites, from "spread cells" exhibiting at least one sprouting neurite. Figure 2A shows how different combinations PLO, a synthetic positively charged polyelectrolyte, and laminin, an extracellular matrix protein known to favor neurite development, affect the cell density and morphology on the cryogel scaffolds. Applying either PLO or laminin alone provides a statistically significant increase in overall cell adhesion (the total cell densities were 4.5±0.9*10 6 cells/mL for PLO coating, 3.7±0.4*10 6 cells/mL for laminin coating versus 1.5±0.3*10 6 cells/mL for the control condition consisting in pristine alginate cryogels, P<0.001 vs. control in both cases), but the majority of the cells remained rounded. Only the combination of PLO followed by laminin allowed to obtain a high density of spread cells 43±6*10 6 cells/mL (P<0.001 vs. control) while keeping the round cell density low (4.6±6*10 6 cells/mL, which is comparable to the round densities found for other coating conditions). Hence in the remainder of this report, the specific coating combination consisting in PLO, followed by laminin, was used for all cell culture experiments. Next, we investigated the role of scaffold mean pore volume on cell density and morphology. For this, we employed scaffolds with a mean pore volume ranging from 0.2nL to 0.9nL, obtained by modifying cryogel gelatin speed and polymer types (see Figure 6A ). Figure 2B shows that the total cell density decreases significantly for pore volumes lower than 0.6nL, with a concomitant relative increase in the ratio of round to spread cells. This indicates that the cryogel synthesis conditions should be chosen to achieve a mean pore volume of 0.6nL or above. Figure 2C shows the effect of the polymer concentration in the initial reaction mixture on the cell density and morphology. We observe a slight decrease in cell density for the lowest polymer concentrations, most likely related to the difficulty encountered in manipulating the resulting very soft gels.
Next, we studied the effects of the cryogel scaffolds on cell duplication of the human neuronal cell line SH-SY5Y. Since both the scaffold material and the specific 3D configuration could potentially affect cell growth, we compared the growth curves obtained for 3D alginate cryogel scaffolds both to a control consisting of a plain coverslip, and a 2D alginate hydrogel (all PLO/Laminin coated). The results are summarized in Figure 2D . The sustainable cell density is higher on 3D scaffolds than on the 2D surfaces. The effect can clearly be ascribed to the 3D structure, since the mere presence of a 2D alginate substrate does not influence the sustainable cell density compared to the plain glass control. The growth rates on the other hand are comparable for all three configurations. This indicates that although the 3D cryogel configuration permits to achieve higher final cell densities, it has no influence on the replication rate per se. We obtained similar results for 2D and 3D CMC gels (data not shown).
The purpose of the cryogel scaffolds developed here is specifically to enable injection of after injection, P=0.92 for CMC scaffolds 48h after injection). Likewise, Figure 3B indicates that the injection step does not affect the viability of the mouse primary neurons on the 3D scaffolds, neither for the alginate nor for the CMC cryogels (P=0.90 for alginate scaffolds 48h
after injection, P=0.86 for CMC scaffolds 48h after injection). This means that the cryogel scaffolds are able to protect not only the human cell line SH-SY5Y during the injection step, but also the more delicate primary neurons with their extended neurites. Figure 3A also indicates that the SH-SY5Y cells show very high and comparable survival rates regardless of the substrate (Alginate and CMC 3D scaffolds, 2D polymer substrates and glass coverslip control). In contrast, for the mouse primary cortical neurons, survival is significantly better on the 3D scaffolds than on the 2D controls (for example, cell survival on the 3D alginate scaffolds was 82±8% compared to only 57±7% on 2D alginate surfaces, P<0.001). Indeed, the cell density obtained on 2D surfaces correspond to a high degree of confluence, which is apparently not very favorable for the survival of these primary cells under our culture conditions. In the 3D configuration, the resulting volumetric density is reduced, potentially explaining the better survival scores.
To assess the long-term outcome of CMC and alginate 3D scaffolds seeded with primary neural cells (40*10 6 cells/mL) were also maintained in culture during 21 days, with halfmedia change twice weekly from 7 days on. The survival scores on the cryogels remained comparable to the ones obtained for the 7-day culture: 87±4% for alginate cryogels and 84±6% for CMC cryogels.
Beyond cell survival, we also require the scaffolds to protect cell morphology during the scaffold injection step. Indeed, primary neurons develop dense neurite networks on the scaffolds, typically connecting clusters of neurons together; breakage of these networks must be avoided. Figure 3C presents z-projections of confocal images (observation thickness: 50µm), before and 48h post-injection, indicating qualitatively that no major damage to the neural network occurs. To quantitatively assess the neurite network before and 48h after scaffold injection through a 1mm syringe needle, we measured neurite mean lengths before and after the injection step for both type of cellular scaffolds (primary neurons grown on alginate and CMC cryogels) ( Figure 3D ). We observe that the injection step has no significant influence on neurite length (P=0.94 for alginate scaffolds, P=0.95 for CMC scaffolds). Furthermore, neurite lengths on 3D cryogels are comparable to those measured for neurons cultured on glass coverslips (control condition). Likewise, we measured the neurite length at 24h and 7 days post-injection, and also found no significant difference to the respective controls. The successful protection of both cell viability and differentiated morphology despite the extensive volumetric compression of the scaffolds during syringe injection is a key result of the present study, underpinning the great potential of the 3D cellular injectable cryogels for neural tissue engineering and transplantation strategies.
In order to explain the observed neural protection during the compression associated with syringe injection, we characterized the mechanical properties of the cryogels both experimentally and theoretically. The characteristic highly porous structure of the cryogels ( Figure 1B ) suggests that they should behave as mechanical meta-materials, [26, 27] with potentially very large differences between a locally stiff, cell-protective environment and a low apparent macroscopic bulk stiffness, enabling extensive scaffold compression and ultimately syringe injection. Indeed, adapting a model from foam mechanics, [26, 28] we obtain a simple relation between the apparent macroscopic stiffness, described by the bulk modulus B ulk and the local stiffness of the cryogel wall material, described by the Young modulus E wall .
The development is given in Supporting Information 4, and yields (Equation S21):
where Φ is the volume fraction occupied by the scaffold walls, and F struct is a dimension-less structural factor, on the order of unity, and depending on the polymer-type. Equation 1
outlines the crucial importance of the wall volume fraction: with a wall volume fraction in the range of 1-10%, one may expect the cryogels to be 3 to 6 orders of magnitude softer globally than locally.
Atomic force microscopy AFM has recently been identified as a useful tool to evaluate the local stiffness of cryogels. [27] Using this technique in conjunction with a specifically developed sample preparation method, we evaluated the wall Young modulus E wall in an aqueous environment on covalently immobilized cryogel fragments on a glass coverslide (experimental details are given in Supporting Information 2). Figure 4C ). Figure 4D shows the average Young modulus of the cryogel fragments as a function of the polymer type (alginate or CMC) and initial concentration used to synthesize the cryogels. While we find the alginate cryogels to be locally stiffer than the CMC cryogels (E wall =117MPa vs. 4.2MPa, Table 1 ), we also find the local stiffness to be independent of the initial polymer concentration (P=0.52 for the alginate gels, P=0.39 for the CMC gels).
Next, we determined the wall volume fraction Φ by weighing the cryogels in the fully hydrated state, and after forceful dehydration. The result is shown in Figure 4E . To a first approximation, we can consider the wall volume fraction to be proportional to the initial polymer concentration. This confirms that during the cryosynthesis, an approximately constant final polymer concentration is reached within the cryogel wall, [29] explaining the approximately constant Young modulus for each cryogel type (alginate and CMC, Figure   4D ). Further, from the slope of the regression lines in Figure 4E , we can estimate the final polymer concentration in the scaffold walls for each of the two cryogel types. The results are given in Table 1 . They indicate that while very high local polymer concentrations are reached indeed, the walls should still be considered to be hydrogels, since they contain more than 70%
water by weight.
Finally, we examined apparent bulk modulus of the cryogels by means of compression of macroscopic samples (disks of 4mm diameter and 1mm height) with a mechanical testing device (details are given in Supporting Information 3). The resultant macroscopic Young moduli E bulk were found to be in the kPa range ( Figure 4F ) rather than the MPa range observed for the local Young moduli. Furthermore, equation 1 quantitatively links the bulk moduli to the local Young moduli (linear fit in Figure 4F ), and also allows to determine the structural strength factor F struct for each of the two polymers (Table 1) . It is noteworthy that the CMC cryogels, despite a lower local Young modulus, are macroscopically stiffer at a given polymer concentration than the corresponding alginate cryogels. This is in part due to a higher volume fraction, but mostly due to a higher structural constant F struct . Finally, equation
1 also quantitatively explains mechanical data on cryogels presented by others, previously explained only qualitatively (detailed discussion in Supporting Information 4). [27] Given the strikingly different local and bulk elastic properties of the cryogel scaffolds, we next investigated how the presence of relatively hard cryogel walls can protect the soft cells during the compression process. For this, we used finite element modeling (FEM, carried out in the COMSOL software suite) of a simplified cryogel structure, comprising a simplified pair of adherent neurons with neurites ( Figure 5A) . As a control, we also simulate the same cell geometry, but embedded in a homogeneous gel without pores ( Figure 5D ). We chose the Young moduli of the different elements to reflect approximately the situation in a 1% CMC cryogel. According to Table 1 , the local Young modulus should be 4.2MPa; the wall volume fraction is about 4.3% ( Figure 4E ), so together with a structural factor of 0.92 (Table 1) , one would expect an apparent global Young modulus on the order of 0.6kPa for the cryogel (Equation 1). Hence, we used E=0.6kPa for the homogeneous control gel. The cells, including the neurites, are modeled with a Young modulus of 0.2kPa, taken from literature. [30] For the cryogel structure and the homogeneous control, we attempted to simulate the deformation and corresponding mechanical stresses using COMSOL for a uniaxial compression of 25% and 75%. We report the resulting von Mises stress, since this measure has been shown to be a good indicator of the probability of material failure under various load conditions. The cryogel structure easily admits 75% compression and beyond, the resulting von Mises stress distribution is shown in Figure 5B and 5C respectively. On the contrary, the simulations for the homogeneous gel do not converge beyond 30% compression, enabling us to estimate the von Mises stress only for the 25% compression case ( Figure 5E ). The nonconvergence for larger compression agrees with what would be observed if these experiments were carried out physically: while a cryogel would survive a 75% compression and beyond while maintaining mechanical integrity, a bulk gel would burst if compressed beyond some 20-30%. [19] The distribution of the von Mises stress shows that in the case of the cryogel, the hydrogel absorbs almost all the elastic energy ( Figure 5B and 5C), whereas in the bulk gel, the elastic energy transmitted to the gel respectively the cells is similar ( Figure 5E ). As a result, the cells are exposed to higher stresses in the bulk gel at similar compression ( Table 2) .
Taken together, these results indicate that accumulation of elastic energy by the cryogel structure, rather than transmission to the cells, offers the mechanical protection enabling high compression fractions while preserving neurons and extended neurites during the injection procedure. The high pore fraction, the small wall thickness, and the locally high Young modulus all contribute to this phenomenon (see Supplementary Information 5 and discussion part for details).
In order to facilitate the use of the injectable cryogels scaffolds in different settings, we further investigated how different synthesis parameters affect the final cryogel scaffold structure and performance. Results are presented in Figure 6 . First, we compared three freezing strategies involving different substrates ( Figure 6A ): A first strategy consisted in pipetting the pre-polymer solution onto a pre-cooled Teflon plate (row "Teflon" in Figure   6A ); a second strategy consisted in sandwiching the pre-polymer solution between two glass cover slides by means of 1mm-high plastic spacers, and then placing the assembly on a precooled aluminum plate (row "Glass" in Figure 6A) ; the third strategy consisted in pipetting the pre-polymer solution directly onto the precooked aluminum plate (row "Aluminum" in Figure 6A ). In each case, we assessed the linear pore dimensions and calculated the mean pore volume. We also calculated an anisotropy index, corresponding to the largest pore diameter divided by the smallest one on 2D sections. The smallest and most isotropic pores are observed for the "aluminum" scenario. This is expected, since aluminum has by far the highest thermal conductivity of the three substrates used, [31, 32] and since it is well-known that cryogels with smaller pores are generally obtained for the highest freezing rates due to the increased ice crystal nucleation rate. [33] Figure 6B summarizes the maximum volumes that we succeeded to inject through a 16G syringe needle without breakage, for gels of different composition (alginate or CMC, with and without PLO/Laminin coating) and pore volume.
The maximum cryogel scaffold volume successfully injected was 3mL, obtained with a coated CMC-cryogel, exhibiting the smallest pore size. Larger volumes have not been investigated. Contrary to Figure 6B where we injected cryogel scaffolds a single time, for Figure 6C , we injected a standard spherical cryogel scaffold of 100µL through a 16G syringe needle (1mm inner diameter), and quantified the number of times we could repeat the process before the cryogel would break into pieces. Since in practice, one would inject a cryogel only a single time, this gives a safety margin in terms of gel integrity. We find a relatively narrow optimum of pre-polymer concentration for each polymer: 0.75% pre-polymer concentration for the CMC cryogels and 2% pre-polymer concentration for the alginate cryogels. In addition, we show that the PLO/Laminin coating reinforces the gel and makes it more robust against breakage. Figure 6D finally shows pore interconnectivity as assessed by the wicking test; [19] for CMC cryogels, we observe a drop in pore interconnectivity beyond 1% pre-polymer concentration, while the alginate cryogels show high interconnectivity throughout the entire concentration range.
Discussion
In neural tissue engineering, the use of scaffolds serving as organized cell carriers is considered necessary due to the low cell survival and engraftment efficiency observed for cells transplanted in suspension [34, 35] . The surgical procedures needed to place scaffolds of clinically relevant size are however associated with a high risk of further tissue damage [6] To the best of our knowledge, there is still no solution able to simultaneously address large-size tissue reconstruction, potentially deep inside the brain, and to provide pre-organized neural tissue constructs. Here, we present a novel type of highly compressible cryogel scaffold, specifically adapted to minimally invasive delivery of differentiated neuronal networks by transient compression to about 10% of the initial volume. Based on a novel one-pot carbodiimide cryogel synthesis, the scaffolds advantageously combine desirable properties:
They allow attachment, spreading and neurite formation by primary neurons due to the presentation of native laminin. [21] Their highly porous nature allows injection through narrowbore tubing. [18, 19] The scaffolds also present the advantage of reliable sterilization, of prime importance in light of potential clinical translation: By performing the deposition of the celladhesive coating only after cryogel synthesis, we are able to avoid microbiologically unsafe washing with ethanol solutions, which had to be employed with cryogel scaffolds having laminin or RGD peptides incorporated already during the synthesis step. [19, 21, 36] Further, the scaffolds extend the domain of volumes injectable through a 16-Gauge (1mm) needle into the mL-range. Taken together, these properties enable the development of an extended neuronal network made from primary cells that can subsequently be highly compressed for minimally invasive delivery into the central nervous system. It is, to the best of our knowledge, the first demonstration of a compressible living neural network.
We find the success of cell seeding, attachment and spreading on the cryogel scaffolds to be critically dependent on the prior coating of the cryogels with suitable cell adhesive motives (here, the combination of poly-L-ornithine and laminate, Figure 2A ), confirming findings for neuronal culture on other substrates. [37] We also find a minimal pore volume of 0.6nL to be required for optimal adhesion and spreading ( Figure 2B ), corresponding to a mean pore diameter of about 100µm, in line with results reported for neural tissue engineering. [21] Additional important architectural parameters are the total pore fraction ( Figure 4E: 1-=89% for the 3% alginate cryogels, and >90% for all other compositions, in accordance with literature recommendations [38] ), and also the fraction of the pore space interconnected [39] to the outside world (>80% for all scaffolds except the CMC 1.25% and 1.5%, Figure 6D ) since only the accessible pores will be colonized. Provided suitable cell-adhesive coating, pore size and interconnectivity, the cryogels support live cell densities up to 50*10 6 cells/mL, for both the human neuronal cell line SH-SY5Y ( Figure 2 ) and mouse primary neurons (data not shown), for culture periods beyond 1 week. These cell densities approach the ones found in the mouse cortex (92*10 6 cells/mL), and exceed the live densities achievable with homogeneous gels by about one order of magnitude. [40, 41] The 3D structure, with its high available surface area and high pore space for nutrient diffusion, rather than the specific material, is responsible for sustaining high viability at these high cell densities ( Figure 3B ).
Beyond attachment, the cryogel coating also provides cues for cell spreading ( Figure 1E ), and neurite extension by the mouse primary neurons ( Figure 1E , Figure 3C and D). At the same time, neural cells also need to communicate with their peers. [47, 48] In the cryogel scaffolds, we find that the neurites largely follow the gel walls, but are also able to bridge small gaps ( Figure 1E ). In addition, the somata of individual cells are found to adhere to the cryogel walls; but with higher cell density, organized multi-layered structures are also formed ( Figure   1E ). This suggests an equilibrium between strong cell-matrix interaction and cell-cell interaction, which is considered suitable for tissue formation. Indeed, if the cell-matrix interaction is too strong, the cells will line the scaffold surface with minimal 3D organization and potentially loss of cell functionality; [48] if the cell-matrix interaction is too weak, the cells tend to adopt rounded morphology, and oftentimes undergo cell death due to lack of adhesion. [51] In order to identify criteria to enable injection of the cellular scaffolds, we carried out bulk and nano-mechanical characterization. By aligning the results obtained on the alginate and CMC cryogels, we are able to establish the following design rules for scaffold injectability The nanomechanical analysis confirms the high local Young moduli necessary for this ( Figure   4D , Table 1 : E wall =117MPa for alginate-based cryogels, respectively 4.2MPa for CMC-based cryogels). The high local Young modulus may also be advantageous in terms of neurite formation, since stiffer substrates have been linked to the formation of both more numerous and more highly branched neurites. [52] The macroscopic compression analysis on the other hand confirms the low bulk stiffness ( Figure 4F , 0.85kPa for the 1% CMC vs. 2.2kPa for the 3% alginate cryogels used in the cell culture and live injection experiments), facilitating compression prior to injection with minimal force. In addition, the brain is a relatively soft organ, with elastic moduli reported in the 0.1kPa to 3kPa range, depending on the region and measurement technique employed. [53] [54] [55] Since it has been reported that mismatch between the local stiffness and implanted devices may be linked to a strong adverse glial reaction, [16] it may be necessary to match the bulk stiffness of the scaffold to the local brain tissue Young modulus for in-vivo experiments.
Given the strong dependence of the bulk modulus on the initial polymer concentration ( Figure 4F ), it is straightforward to match to any desired Young modulus in the range reported for the brain; the necessary initial polymer concentration can indeed be calculated by equation 1 .
Finally, we demonstrate that cryogels with neurons exhibiting already substantial neurite extension can be compressed and syringe-injected, without damaging the cells (Figure 3 ). To the best of our knowledge, these scaffolds are the first to combine macroscopic size and injectability through a narrow-bore conduit for neuronal tissue engineering applications. The results demonstrate that suitably designed macroporous scaffolds allow to protect morphologically differentiated primary cells, going a fundamental step beyond the demonstration of injectability of cell suspensions or robust cell lines along with shapememory scaffolds. [18, 19] Given that cell density, neurite development and scaffold organization are preserved throughout the injection process, the scaffolds will allow to transfer in vivo not only the cells, but also their precise spatial organization.
Conclusion
We present a novel neural engineering scaffold that can be injected through a syringe needle, while conserving cell viability, morphology and organization as well as scaffold integrity, even in the presence of differentiated neurites. The system is an answer to a major dilemma encountered in neural tissue engineering for the central nervous system: scaffolds should be pre-organized and potentially large, but at the same time they should be delivered in a minimally invasive fashion to avoid further tissue damage. The scaffolds developed here are both: organized at a large size scale, and nevertheless injectable thanks to their compressibility. They open up an avenue of experiments and approaches hitherto thought impossible: spatial localization of adhesion motives and cells could be used to organize the scaffold into physiologically relevant regions, while chemical gradients could be used to guide long range connections before implantation. The features obtained could be quality-checked before implantation, and then minimally invasively delivered while maintaining shape, volume, viability and neural network organization.
Experimental Section Chemicals
The following chemicals were obtained from Sigma- 
Cryogel synthesis
Cryogels were synthesized based on established carbodiimide chemistry. [56] Details are given in Supporting Information 1. Briefly, either alginate or carboxymethyl-cellulose is dissolved in deionized water (DI) to the desired concentration, and crosslinking initiated by means of addition of adipic acid dihydrazide AAD and a small excess of the carbodiimide EDC. The reaction mixture is rapidly placed at -20°C in a mold, resulting in ice crystal formation prior to completion of gel crosslinking; if not specified otherwise, cryogels were formed on molds made from glass coverslides and suitable spacers (Supporting Information 1). After 24h, the cryogels are thawed, washed in DI, EDTA 10mM and PBS, and autoclaved in PBS; the space occupied by the ice crystals during the cryo-incubation now becomes pore space. If not specified otherwise, alginate cryogels were synthesized using the 3% composition as listed in Table S2 (Supporting information 1), whereas CMC cryogels were synthesized according to the 1% composition listed in Table S3 (Supporting Information 1). For visualization purposes, we also synthesized fluorescent cryogels by addition of aminofluorescein during the crosslinking reaction, since aminofluorescein will react with EDC-activated carboxylic acid groups under the same conditions as AAD (for details, see Supporting Information 1).
[57]
Cryogel characterization SEM
Cryogel samples were lyophilized, gold coated and imaged using a Zeus's Merlin SEM operated at 5keV and secondary electron detection.
Pore fraction and interconnectivity
The pore fraction and interconnectivity can be estimated from the weight loss under different dehydration conditions. The interconnected pore space is assessed by the wicking test, that is by the relative amount of water that can be withdrawn from a fully hydrated cryogel by means of a paper towel. [19] Similarly, the total pore space can be assessed by force-full compression (estimated mechanical pressure on the order of 1MPa). The wall volume fraction, finally, is calculated as 1 minus the fraction occupied by the pore space.
Bulk Young modulus
Bulk Young moduli were obtained by mechanical compression of cryogels with a defined disk geometry (typically, 4mm diameter, 1mm height). The measurements were performed on a TextureAnalyzer TA.XT plus (Stable Microsystems). Sample force-distance curves and the fitting procedure to obtain the Young moduli are given in Supporting Information 2.
Local Young modulus by Atomic Force Microscopy AFM
The local Young modulus of the cryogel fibers was determined by atomic force microscopy (AFM) imaging using the PeakForce Quantitative Nanomechanical Mapping (QNM) mode (Bruker, FastScan). To enable AFM imaging and Young modulus quantification, cryogel fibers with a height ranging from 50nm to 1µm were immobilized on an otherwise flat substrate. Supporting Information 3 provides the experimental details on the immobilization and imaging procedures; a comparison to Force-Volume imaging and COMSOL simulation of the hydrogel indentation process to evaluate the influence of the underlying substrate and the tip geometry are also provided.
Syringe injection
For systematic injection tests, roughly spherical cryogels of 100µL (ca. 6mm in diameter)
were prepared for various concentrations of alginate and CMC according to the protocol given above and detailed in Supporting Information 1. The finished cryogels were dehydrated by mechanical compression against a gauze, inserted into a syringe and pushed through a syringe needle measuring 1mm in inner diameter (16 Gauge). To investigate maximal injectable cryogels volumes, spherical cryogels of different volumes were fabricated and injected once through the same syringe needle. Injection was considered successful when the cryogels remained visually intact after the injection process.
Pore volume and anisotropy
Cryogels were cut into thin slices along two perpendicular directions while still frozen. After thawing, images were taken using a bright field microscope (x10 objective), binarized and the dimensions of at least 200 pores for each fabrication condition and cryogel composition were recorded using ImageJ software. The pore volume was estimated as the product of biggest, smallest and mean pore diameter, whereas the pore anisotropy was calculated as the ratio between the biggest and the smallest pore dimension.
Cryogel coating
Unless specified otherwise, autoclave-sterilized cryogels were coated prior to cell culture to allow the cells to adhere to the cryogel scaffolds. To do so, cryogel samples were first partially dehydrated by compressing them mechanically against a sterile gauze. A poly-Lornithine (PLO, 1mg/mL diluted in sterile deionized water) droplet of 10 times the cryogel volume was then deposited on top of each cryogel and left for 1 hour at 37°C. The PLO droplet was then removed, and the cryogel samples rinsed with DI water. Finally, the cryogels were again partially dehydrated under sterile conditions, and laminin (1µg/mL in sterile DI water) was added onto the cryogel samples (1x cryogel sample volume) and left for four hours at 37°C. Prior to initiation of cell culture, samples were rinsed with sterile DI water and compressed again immediately before cell seeding.
2D control substrates
2D control samples for alginate and CMC substrates were fabricated on coverslips. To ensure permanent adhesion of the hydrogels to the glass slides, the coverslips are first coated with a molecular adhesion layer of alginate or CMC. The procedure coincides with the coverslide activation step used in the AFM sample preparation, given in Supporting Information 3. Once these molecular adhesion layers established, we deposited the bulk gel layers. To do so, we used the 1% recipe for the CMC and the 3% recipe for the alginate also used for the cryogel fabrication (Supporting Information 1), but rather than placing the reaction mixture at -20°C,
we dried a drop of the reaction mixture on the coverslides prior to completion of polymerization by using a stream of pressurized air. To ensure complete polymerization, we expose the dried slides to 170°C dry heat for 20 minutes; to remove unreacted products, we sequentially washed them in NaOH 100mM, EDTA 10mM, and PBS, prior to 70% ethanol sterilization.
Cell culture Neuronal cell line
The human neuroblastoma-derived cell line (SH-SY5Y) was grown in DMEM medium supplemented with 10% fetal bovine serum and 1% penicillin streptomycin in Petri dishes.
Cells were subculture twice a week, and maintained at 37°C and 5% CO 2 . All reported experiments were performed using cells with less than twenty passages from purchase.
Primary cortical cells
All experimental procedures were carried out according to the Swiss federation rules for animal experiments. Mouse primary cortical neurons were prepared from embryonic day 17
Of1 fetal mouse brains. Cortices were digested in medium containing papain (20 U/ml) and dissociated by mechanical trituration. Cells were plated in neurobasal medium supplemented with 2% B27 and 2 mM Glutamax. Unless otherwise specified, all substrates (cryogels, but also planar control substrates) were coated with PLO/Laminin as described above. All cells were kept in a humidified 5% CO 2 atmosphere at 37°C.
Cryogel seeding and culture
SH-SY5Ycells or mouse primary cortical neurons were seeded onto cryogel and control substrates at a typical density of 4000 cells/mm 3 . A droplet (volume equal to the cryogel volume) containing the cells is placed onto the partially dehydrated cryogel sample and incubated for 45-60 minutes. Cell culture medium (500µL) was then added and cells were maintained at 37°C, 5% CO 2 . At experimental endpoints, the cellular scaffolds or control substrates were fixed with 4% paraformaldehyde for characterization. Cell distribution was homogeneous throughout the 1mm thick scaffold. For culture periods beyond 7 days, halfmedia was changed twice weekly.
Analysis of cell morphology
To observe cells and quantify their morphology, cells were fixed with 4% buffered formaldehyde during 20 minutes. After PBS washes, actin cytoskeleton and cell nuclei were stained (permeabilization with Triton X-100 (0.3% in PBS), followed by phalloidin-Atto565 (Sigma Aldrich) at a dilution of 1:200 and 4'-6-diamidine-2-phenyl indole (DAPI) used at 300nM). Fluorescence images were acquired using a confocal fluorescent microscope Zeiss LSM 700 with a 20x air objective or with a 40x oil objective. Images of at least 200 cells on four randomly chosen observation fields were captured and analyzed for each experimental condition and for each experiment. Experiments were repeated at least three times. Cell density was quantified as the number of cell nuclei in a given volume. SH-SY5Y cells were designated as "spread" when they developed at least one sprouting neurite from the soma measuring at least 15µm in length, otherwise, they are considered "round". Based on confocal images, neurite length was measured using the plugin NeuronJ of ImageJ.
For cell survival analysis, samples were rinsed with HEPES-buffered salt solution (HBS), and incubated in a trypan blue solution (0.4% in HBS) for two minutes at room temperature. The samples were then washed with HBS, and the cells of five independent observation fields were observed and counted on the whole sample thickness using a bright field microscope with x20 objective (Leica DM5500). Cell viability (in %) resulted from the ratio between the number of non-stained cells and the total cell number.
Finite element simulation
Finite Element Modeling FEM was performed in COMSOL version 4.3b. The gel and the cells were modeled as nearly incompressible linear elastic materials, while the pore space was considered void. The boundary conditions were set to free movement for all boundaries except for the top and bottom boundary, which were used to impose the compression in z direction. The simulations were run in 2D, using the SolidMechanics physics, with an inplane stress 2D approximation. The materials were all supposed to be linearly elastic with appropriate local Young moduli, and a Poisson ratio of 0.48.
Statistical analysis
Unpaired, two-sided t-tests were used for direct comparison of pairs of outcome variables. To test whether the injection procedure had a significant effect on cell viability or neurite length, the difference between the outcome measures before and at a given time point after injection were compared to the difference at identical time points under control conditions by means of an adapted t-test with a compound estimation of the standard deviation and a corresponding adjustment of the number of degrees of freedom. To assess the relation between the initial polymer concentration and the local Young modulus, F-tests were applied to the analysis of variance associated with the linear regression. No multiple testing corrections were used.
Error bars indicate standard deviations, except where otherwise noted.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
motifs (poly-L-ornithine and laminin), and allowed to adhere and spread. The scaffold is then partially dehydrated, losing up to 90% of its volume without cell damage, and can be passed through an injection device such as a syringe before swelling back to its original volume. Cell integrity is protected throughout the process due to the particular mechanical and structural properties of the cryogels. B) Structure of alginate (3%) and CMC (1%) cryogels by scanning electron microscopy. C) and D) Confocal micrographs of the human neuronal cell line SHSY-5Y ( Figure 1C ) and primary mouse cortical neurons ( Figure 1D ) on alginate and CMC cryogels. E) Closer view of a mouse primary neuron culture on a cryogel, showing the extensive neurite network visible on areas not covered by the cell bodies. For Figure 1C -1E, the nuclei are blue (DAPI), the gel is labeled green (aminofluorescein, incorporated covalently), and the actin cytoskeleton is labeled red (rhodamine-phalloidin); all gels were coated with PLO/laminin. 
